An agar diffusion method for the assay of colicins A, B, D, E2, E3, and K is described. The assays were performed in large, square pyrex dishes that contained an agar layer seeded with an indicator organism sensitive to the colicin. The samples were applied to the agar in steatite beads positioned in a randomized sequence. The plates were stored at 4 C for 24 hr to allow the colicins to diffuse into the agar. After incubation at 37 C, the activity of each colicin preparation was estimated by measuring the diameter of the zone of inhibition of the growth of the indicator strain around each bead. The results of each assay were subjected to a statistical analysis, which included an analysis of variance and calculation of the theoretical regression and the confidence interval of the assay. The size of the inhibition zones, the form of the regression, and the slope of the regression of the responses were affected by the type and concentration of the agar, the depth of the agar layer, the indicator organism, the indicator inoculum density, and the time allowed for prediffusion of the colicins. Optimal conditions for the assay of each colicin were determined. Using a four-point assay design, the relative colicin concentration of unknown preparations was estimated in terms of a standard preparation of the same colicin. The experimental error of these assays (95% confidence interval) was about -410%.
In recent years, considerable literature (10, 19, 28, 30) has accumulated on the mode of action and chemical nature of colicins and on the genetic control of colicinogeny, but the factors that control colicin synthesis have received only limited study (30) . A major difficulty in the investigation of colicin production has been the lack of a suitable quantitative method for the estimation of colicin potency. The "ring" test (9, 13, 31) , has been most frequently used. This test is difficult to standardize; thus it has a low level of reproducibility and is not truly quantitative. More sensitive assay methods based on survival counts or turbidimetric measurements have been described (21, 23, 29, 31, 35) , but they are limited by the small number of samples that can conveniently be handled at one time (26) . Early attempts to assay colicins by agar diffusion methods were disappointing because the curves relating inhibition zone size to colicin concentration were rather flat (7, 11, 15, 17) . Subsequently, the punch-hole method for the assay of penicillinase (18) Table 2 . Standard colicin preparations from each producing strain were prepared by inoculating peptone water with material from the stock agar slant culture. The culture was incubated in a water bath at 37 C and stirred magnetically for 48 hr. The supernatant fluid of the culture was concentrated by rotary-film vacuum evaporation at 37 C. The concentrated preparations were sterilized by the addition of chloroform (5%, v/v). Twofold serial dilutions of the concentrated preparations were made in peptone water. These dilutions were stored at 4 C; they appeared to retain full activity, as judged by the size of the inhibition zone, for at least 3 months. In the simultaneous assay of standard and unknown colicin preparations, only two concentrations of each preparation, usually the undiluted colicin and a twofold dilution thereof, were included in the assay. The colicin preparations of unknown potency were prepared by growing the producing strains in either lemco broth, a 3% (w/v) Casamino Acids medium, or peptone water for varying lengths of time.
Preparation and pouring of the plates. Glass ovenware dishes (Jencons Scientific Ltd., Hemel Hempstead, England) were used to contain the assay medium (34) . Each plate was fitted with a closely fitting aluminum lid and sterilized in the hot-air oven at 160 C for 1 hr.
Before pouring the agar layer, the internal surface of the plate was made level by the adjustment of a platform on which the plate rested. Optically standardized indicator culture (0.5 ml) was added to 150 ml of molten agar at 50 C and then evenly distributed by gentle rotation. The inoculated agar was poured into the plate with a swirling motion to form an agar layer of uniform thickness. The plate was left undisturbed until the agar had solidified; it was then inverted and stored at 4 C until required.
Assay procedure. The colicin solutions were applied to the surface of the assay agar in steatite "fish-spine" electrical insulating beads [Taylor Tunnicliff (Retractories), Ltd., Stoke-on-Trent, England], which fill by capillarity and measure a sufficiently constant volume of the test solution for routine purposes. By this method, the punching of holes in the assay agar is eliminated, as is the need to fill cylinders individually by pipette.
In the assays to determine the optimum conditions, In the simnultaneous assay of standard and unknown colicin preparations, additional analysis of the results was necessary in order to show that the slopes of the regression of all the samples in the assay were parallel. The potencies of the unknown preparations were calculated by the method of Finney (8) , and the confidence limits of these estimates by the method of Hedges (18) .
REsuLTs
The diameter (D) of the inhibition zone rather than the square of the diameter (D2) was the more satisfactory measure of the response in the analysis of the results, because the values of D approximated to a linear function over the whole range of readings when plotted against the dyadic logarithm of the colicin dilution, whereas the values of D2 deviated from linearity at the greatest dilutions. However, the regression of the responses in the colicin V assays frequently has failed to conform to a truly linear pattern with either D or D2.
Concentration and type of agar. The most satisfactory assays were obtained when the medium contained sufficient agar to give a firm gel; with Oxoid Ionagas no. 2, this concentration was 1.0% (w/v). With the lower concentrations of agar, a considerable amount of water distilled from the medium during the prediffusion period and subsequently flooded the surface of the medium. Consequently, in these assays the experimental error was greater than in those carried out with a higher concentration of agar. Moreover, with the higher agar concentration, the observed points were a better fit to the theoretical regression. Ionagar was considered to be the most satisfactory gelling agent because it gave very clear inhibition zones with well-demarcated edges.
Depth of the agar layer. In assaying each of the colicins on the indicator strain Escherichia coli B/TKM, a threefold increase in the depth of the agar from 2 mm to 6 mm caused ony a small decrease in the diameter of the inhibition zones.
There was no correlation between the slope of the regression and the depth of agar used in the assay. With an agar layer less than 2 mm thick, the inhibition zones were larger, but the thickness of the layer was uneven and the residual error of the assay was increased. No advantage was gained in the use of assay plates in which the seeded layer of agar was poured on top of a base layer of uninoculated agar.
Indicator strain. For each colicin, the appearance of the inhibition zones, the size of the zones, the regression coefficient, and the form of the regression depend on the indicator strain used in the assay. The dose-response curves for colicins D-CA23 and E2-CA42 against different indicator strains are shown in Fig. 1 and 2 . For colicins A, D, E2, E3, and K, but not for colicins B and V, E. coli B/TKM was the most satisfactory indicator strain. One of the locally isolated strains, E. coli 9605, proved to be the most satisfactory indicator for the assays of colicin B.
In the assays of colicin V-CA7, the only indicator strain that gave a linear regression of the responses was E. coli phi 2. Only two indicator strains were suitable for the assay of colicin A-CA31, and they were E. coli B/TKM and phi 2; the other indicator strains either were insensitive or they gave very poorly defined inhibition zones.
Density of the indicator inoculum. The size of the indicator inoculum affected the diameter of (Fig. 3) . In the colicin V assays, the square of the diameter of the inhibition zones, rather than the diameter, gave a better fit to the theoretical linear regression line.
Duration of prediffiusion. For each of the colicins, the diameter of the inhibition zones and the slope of the regression were greater when the period of prediffusion was more prolonged. The effect of prediffusion on both the zone size and the slope was marked after the colicins had been allowed to prediffuse for 24 hr; thereafter, the zone size and the slope were proportional to the logarithm of the length of time of prediffusion (Fig. 4 and 5) . A 24-hr period of prediffusion was considered, therefore, to be optimal for the assay of all the colicins investigated.
Estimation of the coilicin potency of unknown samples. The absolute response and the slope of the regression of the responses were known to vary from assay to assay. Therefore, potency estimates were derived from experiments in which standard and unknown samples of the same colicin were assayed simultaneously. When three samples of each colicin were assayed on three occasions against the same standard preparations, the potency estimates of each sample were not identical in the different assays. However, there was satisfactory agreement, for routine assay purposes, irrespective of whether the assays were performed on the same days. In each of the assays, a small value was obtained for the residual variance estimate; this promised a reasonable degree of precision in the estimation of the relative potencies. Where the potency of the unknown sample was of the same order as that of the standard preparation, the confidence limits were consistently in the region of ffi 10%. The provision of a separate standard preparation of each colicin from each of the producing strains is time consuming. Because samples of the same colicin from different producing strains behaved similarly, one justifiably may use a common standard preparation of any colicin to estimate the potency of that same colicin in unknown samples.
When the colicin samples under assay were taken from cultures in peptone water, lemco broth, or a Casamino Acids medium, under either aerated or static growth conditions, the inhibition zones had the same appearance as when the samples were prepared under conditions similar to the standard preparations. There was no increase in the residual error of the assays. Thus, the culture media and the growth conditions do not appear to affect the way in which colicins behave in an agar diffusion assay.
DISCUsSION
The principal advantages of the assay method described here are the high degree of accuracy possible in the determination of the potency of the colicin preparations and the minimal expenditure of time and materials necessary to achieve this end. The early attempts (7, 11, 15, 17) In agar diffusion assays of many antibiotics, there is a linear relationship between the diameter of the inhibition zones and the logarithm of the depth of the agar layer (6, 20 upper regions of the agar layer. With indicator strains other than E. coli B/TKM, this conclusion may not be valid because the number of "lethal units" of colicin adsorbed by particular indicator strains is known to vary not only from strain to strain but also with the physiological state of the individual cells of any one strain (25, 26, 27, 31, 33) .
The essential difference between our assay method and those of the early workers in this field is the provision of a period of cold storage during which time the colicins can diffuse. The improvement in the sensitivity and precision of the assays both of antibiotics (2, 22, 32) and of vitamins (16) [also of penicillinase (18) , which follows the provision of a prediffusion period] is well recognized. In our assays, after as little as 24 hr of prediffusion, the zone size and the slope are proportional to the logarithm of the time of prediffusion. After unduly prolonged periods of prediffusion, the regression lines cease to obey a linear function.
Once optimal or acceptable conditions have been determined for the assay of any specific colicin, the method outlined above is particularly useful because it may be used for either high-or low-precision assays.
